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Clusters of functionally related genes are a general feature of prokaryotic gene organization but are much less prevalent in eukaryotes. The discovery that genes for certain types of metabolic pathways are clustered in filamentous fungi is relatively recent. Only 8 years ago in a discussion of the proline utilization pathway genes, Hull et al. (1989) commented that ''The organization and regulation of the genes involved in L-proline catabolism in the ascomycete fungus Aspergillus nidulans are of particular interest because, rather unusually for functionally related eukaryotic genes, they are all clustered.'' This view was supported by studies of metabolic pathway gene linkage relationships from a variety of eukaryotes. Although genetic evidence was available suggesting that some metabolic pathway genes were closely linked in A. nidulans (see Clutterbuck, 1992) , recognition of gene clustering as an important feature of fungal metabolic pathways had to await the molecular characterization of specific pathways.
Fungal gene clusters can be broadly defined as the close linkage of two or more genes that participate in a common metabolic or developmental pathway. Fungi possess numerous pathways for what can be described as ''dispensable'' metabolic functions, and research over the last 5 years has shown that the genes for these dispensable pathways are often organized in gene clusters. The term dispensable metabolic pathways is used here to describe pathways that either are not required for growth or are only required for growth under a limited range of conditions. Dispensable metabolic pathways are typically expressed under suboptimal growth conditions and most likely function to enhance fungal survival in response to nutrient deprivation or competing organisms. In this review, two major types of dispensable metabolic pathways will be discussed, catabolic pathways for the utilization of low-molecular-weight nutrients such as proline or quinate (nutrient utilization pathways) and biosynthetic pathways for low-molecularweight compounds which include antibiotics and mycotoxins (natural product pathways).
Nutrient utilization pathways increase the metabolic versatility of filamentous fungi, enabling them to utilize a variety of complex compounds as alternative sources of nutrients. Expression of the appropriate catabolic pathways can be critically important for survival under limiting nutrient growth conditions. However, many of these nutrients are not commonly encountered by fungi, so there is little benefit derived from expressing pathway genes constitutively. To ensure that the required catabolic pathways are expressed appropriately in response to changing nutritional conditions while simultaneously limiting the loss of cellular resources due to unnecessary pathway gene expression, fungi have developed complex regulatory systems. To date, enzymatic and regulatory genes for four well-studied dispensable catabolic pathways (quinate, ethanol, proline, and nitrate utilization) have been found to be clustered in various filamentous fungi. All of these pathways are known to be clustered in A. nidulans, but with only a few exceptions, little information is available concerning their presence in other fungi. In A. nidulans, patterns have emerged concerning the regulation of nutrient utilization pathways. Pathway regulation often involves at least two levels of control that have been referred to as ''narrow'' and ''broad'' domain regulation (Scazzocchio, 1992) . Narrow domain regulation is typically mediated by a positive acting pathway-specific regulatory protein of the CX 2 CX 6 CX 6 CX 2 CX 6 CX 2 zinc binuclear cluster type, while broad domain regulation employs the positive acting nitrogen regulatory gene, areA (Kudla et al., 1990) , and/or the negative acting carbon catabolite repressor gene, creA (Dowzer and Kelly, 1991) . This multilevel regulation ensures that nutrient utilization pathways can respond to both the demands of general cellular metabolism and the presence of specific pathway inducers. However, it remains to be seen whether similar regulation strategies are used by other fungi.
Natural product pathways result in the production of structurally diverse metabolites also referred to as secondary metabolites. In contrast to nutrient utilization pathways, the function of natural product pathways is in many instances obscure. Recent progress in the molecular characterization of natural product pathways indicates that maintaining these pathways requires a substantial investment of fungal genetic resources. It is not uncommon for fungi to produce a number of different natural products and a single natural product pathway can consist of as many as 25 different genes and occupy up to 60 kb of DNA (Fig. 1, Brown et al., 1995b) . One proposed function for some natural products is that they contribute to some aspect of organism ecology. Evidence supporting this function has recently come from a number of studies implicating natural products in specific fungal-plant interactions (Desjardins and Hohn, 1997; Walton, 1996) . Regulating the expression of natural product pathways would appear to present many of the same problems to cells as the regulation of nutrient utilization pathways. Currently, studies of natural product pathway regulation are not as advanced as those for nutrient utilization pathways. Evidence for both ''narrow'' and ''broad'' domain regulation is not available for a single natural product pathway, although some pathways have been reported to have either one or the other. Positive acting pathway-specific regulators are known for the trichothecene and aflatoxin/sterigmatocystin (Payne et al., 1993; Woloshuk et al., 1994; Yu et al., 1996) pathways, while general metabolic pathway regulators participate in the regulation of penicillin pathways (Haas and Marzluf, 1995; Suarez and Penalva, 1996; Tilburn et al., 1995) . Preliminary data indicate that the regulation of natural product pathways appears similar in many respects to that observed for nutrient utilization pathways, but may also include developmental regulatory controls (Kale et al., 1996; Keller et al., 1995a) .
Progress in the characterization of dispensable pathways is now sufficient to allow meaningful generalizations concerning gene structure and gene organization within pathway gene clusters (Table 1) . For example, it appears that clustered genes are typically indistinguishable from other fungal genes. Genes within pathway gene clusters usually display little variance in codon usage patterns and often contain intervening sequences typical of filamentous fungal genes. Analysis of gene arrangements in dispensable pathway gene clusters has not revealed specific biases in gene organizational patterns within clusters. The functional categories of genes found in dispensable metabolic pathway gene clusters include genes encoding enzymes, transcription factors, and transporters. While some pathway gene clusters contain all three functional gene types, in others it is unclear whether pathway-specific transcription factors and transporters are closely linked or if they even exist. The functional organization of fungal dispensable pathways invites comparisons with related pathways in prokaryotes. However, there is little evidence that fungal pathways have prokaryotic counterparts or that the clustering of genes has some intrinsic importance for pathway gene regulation.
The purpose of this review is to briefly summarize our current knowledge of selected dispensable metabolic gene clusters and to discuss the possible significance of gene clustering for pathway regulation and evolution. Pathway gene clusters are described below with respect to available information on their distribution, size, individual gene functions, and regulation.
I. NUTRIENT UTILIZATION PATHWAY CLUSTERS

Ia. Quinate/Shikimate Pathway
Quinate and shikimate can be metabolized by a variety of fungi as alternative carbon sources. Metabolism of these compounds leads first to protocatechuic acid and then to succinate and acetate (Griffin, 1994) . Shikimic acid is also required for aromatic amino acid biosynthesis, the source of numerous natural products including the ergot alkaloids (Griffin, 1994) . Both pathways are glucose repressed and share two common metabolic intermediates, 3-dehydroquinic acid and dehydroshikimic acid. These two compounds, as well as quinate itself, stimulate transcription of quinate and shikimate pathway genes.
The genes encoding the regulatory and structural proteins for quinate catabolism are clustered in both Neuro- Note. Data are summarized from the following published descriptions: melanin cluster/Alternaria alternata (Kimura and Tsuge, 1993) ; nitrate, proline, ethanol, sterigmatocystin, and penicillin clusters/Aspergillus nidulans (Brown et al., 1996b; Fillinger and Felenbok, 1996; Hull et al., 1989; Johnstone et al., 1990; Martin and Gutierrez, 1995) ; aflatoxin cluster/Aspergillus parasiticus (D. Bhatnagar, personal communication); trichothecene cluster/Fusarium sporotrichioides (Hohn et al., 1995b, and unpublished) ; qa cluster/Neurospora crassa (Giles et al., 1989) ; penicillin cluster/Penicillium chrysogenum (Diez et al., 1990) . Additional references can be found in the text.
a Cluster size (kb), number of genes/cluster, and function of each gene are not completely characterized for some clusters.
spora crassa (Giles et al., 1989) and A. nidulans (Lamb et al., 1990) . Gene function but not the order or direction of transcription is conserved in these two clusters. The 17.3-kb seven-gene cluster in N. crassa consists of two regulatory genes encoding an autoregulated activator (Qa-1F, containing a binuclear zinc cluster motif) and a repressor (Qa-1S), three structural genes encoding quinateinducible enzymes (qa-2, qa-3, and qa-4), one quinate permease encoding gene (qa-Y), and one gene, qa-X, of unknown function. Qa-1F binds to a symmetrical 16-bp upstream activating site (GGRTAA RYRY TTATCC) found one or more times 58 to each of the seven genes. Biochemical evidence suggests that transcriptional control is mediated through a complex interaction among Qa-1F, quinate, and Qa-1S. The role of Qa-1S as a repressor is supported by isolation of Qa-1S constitutive mutants (qa-1S c ) (reviewed by Geever et al., 1987 ). An analogous system exists in A. nidulans (Hawkins et al., 1993 (Hawkins et al., , 1994 including a similar regulatory function ascribed to the QutA/QutR association (Lamb et al., 1996) . Repressor genes have not been found in other dispensable pathway clusters, and their presence in the quinate pathways is reminiscent of metabolic pathway regulation in bacteria. Interestingly, in A. nidulans, sequences closely related to the qutE gene product, a dehydroquinase, also constitute one domain of AROM, a pentafunctional protein involved in quinate biosynthesis (Charles et al., 1986; Griffin, 1994, and references therein) . This is one of several observations linking parallel nutrient utilization and biosynthetic pathway gene products. Hawkins et al. (1993 Hawkins et al. ( , 1994 have reported amino acid sequence similarities between portions of AROM and the quinate regulatory proteins and suggested that qutA and qutR arose from duplication of a region within arom. Similar instances of amino acid homologies between pathway-specific regulatory proteins have been suggested for the nitrate utilization pathway and anthranilate synthase in N. crassa and A. nidulans as well the ethanol utilization regulator, AlcR, and the alcohol and aldehyde dehydrogenase proteins in A. nidulans. This has led to a controversial hypothesis that transcriptional regulatory genes for some dispensable pathways evolved through the recruitment of functional domains from complementary metabolic pathway genes (Hawkins et al., 1993 (Hawkins et al., , 1994 .
Ib. Ethanol Utilization
Like quinate, ethanol is an alternative carbon source that is not utilized by all fungi. Early research on ethanol metabolism focused on the industrial importance of its production and utilization by yeasts, but several filamentous fungi also metabolize alcohols. Ethanol can be oxidized to acetate via acetaldehyde and thereby enter various intermediate metabolic pathways. In A. nidulans, ethanol catabolism is dependent on two enzymes: alcohol dehydrogenase I (ADHI) 1 encoded by alcA and aldehyde dehydrogenase (AldDH) encoded by aldA. Both enzymes, along with the positive acting pathway regulator, AlcR, are induced by the presence of ethanol and a number of gratuitous inducers including ethylmethyl ketone and threonine (Felenbok, 1991, and references therein) .
The aldA gene is not linked with the other ethanol utilization genes, alcA and alcR (Felenbok, 1991) . However, alcA and alcR are both located within an approximately 15-kb region on chromosome VII that includes five other genes. Gene order for this region has been established as alcP, alcR, alcO, alcA, alcM, alcS followed by alcU (Fillinger and Felenbok, 1996) . Although only alcR and alcA are necessary for ethanol utilization, all the pathway genes are subject to ethanol induction and CreA repression (with the possible exception of alcU). alcM, alcS, and/or alcU genes are reported to be necessary for growth on ethanolamine and for the oxidation of another alcohol, propan-1-ol (Fillinger and Felenbok, 1996) .
Two transcription factors, AlcR and CreA, have been shown to regulate the expression of ethanol utilization genes. Both AlcR, another binuclear cluster transcription factor, and CreA have specific binding sites in the alcR and alcA promoters (Kulmburg et al., 1992 (Kulmburg et al., , 1993 . In some instances, these sites overlap or lie close together in both promoters, and it appears that CreA mediates repression through binding site competition with AlcR (Kulmburg et al., 1993; Mathieu and Felenbok, 1994) . AlcR represents one example of a pathway-specific regulator that mediates its own expression. This phenomenon has also been observed with QutA (Section Ia). Noteworthy too is the fact that the alcA promoter has become an important tool in fungal molecular biology, where it is frequently used to regulate the expression of heterologous proteins (Felenbok, 1991) .
Ic. Proline Utilization
Proline differs from both quinate and ethanol because it can serve as either a carbon or a nitrogen source. The cellular management of proline metabolism is further complicated by the fact that several of the intermediates are either shared by or feed into arginine and glutamate metabolism. Proline utilization pathways are biochemically identical in S. cerevisiae and A. nidulans (Brandriss and Magasanik, 1979) ; however, pathway gene organization is dispersed in S. cerevisiae and clustered in A. nidulans (Brandriss and Magasanik, 1979; Hull et al., 1989) .
The proline utilization cluster of A. nidulans is composed of five coregulated transcripts spread over a region of 13 kb. Gene order has been established as prnA, prnX, prnD, prnB, and prnC (Hull et al., 1989; Scazzocchio, 1992) . PrnA, like all of the pathway-specific transcription factors described in this section, is a zinc binuclear cluster transcription factor and positively regulates expression of the other four genes (Sharma and Arst, 1985) . Characterization of the pathway gene cluster has shown that prnA is bordered by an uncharacterized gene not under prnA control that may mark one end of the cluster (Scazzocchio, 1992) . PrnD and PrnC are enzymes (an oxidase and dehydrogenase, respectively) required for proline utilization and PrnB is a permease required for transport of L-proline . The function of PrnX has not been determined.
Since proline can be utilized as either a nitrogen or a carbon source it is not surprising that the proline utilization genes are regulated by both CreA and AreA (Arst and Cove, 1973; Scazzocchio, 1992 , and references therein). This joint regulation is complicated by the conditional requirement for AreA regulation that is in turn dependent on whether active creA product is present. Detailed characterization of the shared prnD/prnB intergenic promoter region indicates that a region called ADA (for absolute dependence on AreA) is essential for integration of creA and areA regulation; removal of ADA eliminates creA regulation (C. Scazzocchio, personal communication). Interestingly, deletion of a 290-bp region containing the ADA element has been found to alter expression of the neighboring gene, prnC (C. Scazzocchio, personal communication) . This observation may explain the ''at a distance'' regulation of prnC previously described by Arst and co-workers, in which some prnD/prnB promoter deletions extending into prnB also affected prnC expression Sharma and Arst, 1985) . The precise mechanism of how deletions in other parts of the proline cluster influence prnC expression has yet to be elucidated.
Id. Nitrate Assimilation
Most fungi, although not S. cerevisiae, can readily assimilate nitrate and reduce it to ammonium. This assimilation pathway has been intensively studied in both A. nidulans and N. crassa and requires assembly of a cofactor, a permease to transport nitrate into the cell, and a nitrate and nitrite reductase. Standard genetic studies of A. nidulans had earlier indicated that the permease and reductase genes for this pathway were linked (for a review see Arst and Scazzocchio, 1985) . These linkage studies were confirmed by a 1990 report describing the cloning and characterization of this three-gene cluster (Johnstone et al., 1990) . The three genes, ordered crnA, niiA, and niaD, encode for the permease, nitrite reductase, and nitrate reductase, respectively.
Within the nitrate assimilation cluster, niiA and niaD are divergently transcribed and share some but not all cis acting factors. For instance, both genes are under the control of NirA, the positively acting specific pathway activator (Burger et al., 1991) , but the four NirA binding sites are not equally important for niiA and niaD expression (Punt et al., 1995) . Scattered throughout this region are also several AreA sites; only those which are centrally located appear to have physiological importance (Punt et al., 1995) . Regulation of nitrate assimilation in N. crassa is expected to be similar. Chiang and Marzluf (1995) propose that a Nit2/Nit4 interaction (AreA and NirA homologs, respectively) might be significant for expression of nit-3 (niaD homolog).
Although homologs of A. nidulans nitrate assimilation and metabolism genes have been identified in several fungi (Diolez et al., 1993; Unkles et al., 1992) and the oomycete Phytophthora infestans (Pieterse et al., 1995) , niiA and niaD linkage is not always conserved. Still, the fact that niiA and niaD clusters have been reported in the yeast Hansenula polymorpha (Brito et al., 1996) is evidence that a nutrient utilization pathway cluster can be widespread in the fungal kingdom.
II. NATURAL PRODUCT PATHWAYS
IIa. Penicillin
Penicillins and cephalosporins are b-lactam containing antibiotics that are produced by members of several fungal genera and cephalosporin in a variety of prokaryotes. Penicillin biosynthesis begins with the formation of the tripeptide, d-(L-a-aminoadipyl)-L-cysteinyl-D-valine (ACV), and is then followed by the cyclization of ACV to yield isopenicillin N (IPN). IPN is the branch point for the various penicillin and cephalosporin pathways. Penicillin pathway genes are clustered in Penicillium chrysogenum (Diez et al., 1990) and A. nidulans (MacCabe et al., 1990) , while cephalosporin pathway genes are clustered in Acremonium chrysogenum (syn. Cephalosporium acremonium, Mathison et al., 1993) . In P. chrysogenum and A. nidulans the ACV synthetase (pcbAB), IPN synthetase (pcbC), and acyltransferase (penDE) genes are contained within a region of approximately 20 kb in the same order and orientation (Martin and Gutierrez, 1995) . In A. chrysogenum, the pcbAB and pcbC genes are present on a fragment of about 15 to 18 kb and in the same orientation as the corresponding genes in P. chrysogenum and A. nidulans. Cephalosporin C pathway-specific genes have also been isolated from A. chrysogenum (Mathison et al., 1993) . The cefEF (expandase/hydroxylase) and cefG (acetyltransferase) gene products catalyze the last two steps in the pathway and are closely linked to each other but are not linked to the pcbAB and pcbC genes. In A. chrysogenum, the pcbAB and pcbC genes reside on chromosome VI, while the cefEF and cefG genes are located on chromosome II (Mathison et al., 1993) .
A pathway-specific regulator has not been identified for the penicillin pathway, although recently a protein, PENR1, has been implicated in such a role (Bergh et al., 1996) . More thoroughly characterized is the role of PacC in regulating penicillin synthesis. It has been shown that PacC, a C 2 H 2 -type zinc finger transcription factor involved in activation of alkaline-expressed genes, is required to activate at least one gene, ipnA, in the A. nidulans penicillin pathway (Espeso et al., 1993; Tilburn et al., 1995) . There are also weak CreA and CreC effects on penicillin cluster regulation in A. nidulans . Interestingly, carbon catabolite repression has stronger effects than PacC regulation on penicillin biosynthesis in P. chrysogenum (Suarez and Penalva, 1996) .
Comparisons between the penicillin/cephalosporin pathways in the fungi and prokaryotes have led to the hypothesis that portions of these pathways were acquired through horizontal transfer from a prokaryote (Penalva et al., 1990; Weigel et al., 1988) . Fungal penicillin and cephalosporin pathway gene products are closely related; the IPN synthetases from A. chrysogenum, P. chrysogenum, and A. nidulans display about 80% identity. Surprisingly, comparisons between fungal and prokaryotic IPN synthetases revealed approximately 60% identity (Penalva et al., 1990) . The high degree of relatedness between fungal and prokaryotic IPN genes has been cited as evidence in support of the horizontal transfer of pathway genes (Landan et al., 1990; Penalva et al., 1990; Weigel et al., 1988) .
However, this analysis has been challenged based on the relatively small data set employed and because it is based solely on assumptions about rates of change in gene sequences (Smith et al., 1992) .
IIb. Trichothecenes
Trichothecenes are sesquiterpenoid mycotoxins produced by several genera of filamentous fungi. In addition to their vertebrate toxicity, trichothecenes have been implicated as virulence factors in some plant diseases (Desjardins et al., 1993) . Production of trichothecenes by F. graminearum was recently shown to be required for high levels of virulence in Fusarium wheat head scab Proctor et al., 1995a) . Analysis of the trichothecene pathway gene cluster in F. sporotrichioides has so far resulted in the identification of nine genes within a 25-kb region . The functions of eight pathway gene products have been determined and include six biosynthetic enzymes, a transcription factor, and a transport protein. Of the six known biosynthetic enzymes, two are cytochrome P450s that function either in the addition of a hydroxyl group at C-15, TRI11 (Hohn et al., unpublished) , or in the oxygenation of trichodiene (TRI4) to yield a product of unknown structure . Both pathway cytochrome P450s represent new gene families within the P450 superfamily and are most closely related to other fungal P450s. The remaining enzyme encoding genes in the cluster include trichodiene synthase (Hohn and Beremand, 1989) , the branch point step in the pathway catalyzing the cyclization of farnesyldiphosphate, and three acetyltransferases that are involved in the acetylation of the trichothecene hydroxyl groups . The cluster gene, Tri6, encodes a transcription factor and is required for pathway gene expression. TRI6 contains sequence motifs similar to the C 2 H 2 -type zinc fingers commonly found in many eukaryotic DNA binding proteins. Finally, a gene (Tri12) encoding an apparent transport protein has been identified (Hohn et al., unpublished) .
Macrocyclic trichothecenes are structurely more complex and frequently more cytotoxic than Fusarium trichothecenes (Jarvis, 1991) . Macrocyclic trichothecenes are characterized by the presence of a macrocycle of variable structure esterified through the trichothecene C-15 and C-4 hydroxyl groups. Macrocyclic trichothecene pathway genes have been studied in the filamentous ascomycete, Myrothecium roridum, and shown to be organized in a gene cluster. Apparent homologs of the Fusarium pathway genes Tri4, Tri5, and Tri6 have been identified within a 40-kb region in M. roridum (Hohn et al., unpublished) . One of these, MrTri4, has also been shown to be functionally identical to its suspected Fusarium homolog through the complementation of a Tri4 2 mutant in F. sprorotrichioides. The macrocyclic trichothecene cluster differs significantly from the Fusarium trichothecene cluster with respect to both the distances between genes and pathway gene orientations. While the Tri4 and Tri5 genes are separated by about 8 kb of DNA in F. sporotrichioides, the MrTri4 and MrTri5 genes are almost 40 kb apart in M. roridum. In addition, transcription of the Tri4 and Tri6 genes occurs in a divergent fashion in F. sporotrichioides, but the MrTri4 and MrTri6 genes are arranged so that transcription occurs convergently. Comparisons between the corresponding gene products in the two pathways indicate sequence identities ranging between 45 and 75%.
IIc. Aflatoxins and Sterigmatocystins
Aflatoxins and sterigmatocystins are a group of polyketide mycotoxins derived from the same biochemical pathway (Bennett and Papa, 1988; Brown et al., 1996b) . These compounds are produced by several genera, most notably the genus Aspergillus. Although long thought to be generated only by a polyketide synthase (PKS), it has been recently established that aflatoxin and sterigmatocystin require both a PKS and a fatty acid synthase (FAS) to form the first stable intermediate of the pathway (Brown et al., 1996a; Mahanti et al., 1995; Watanabe et al., 1996) . The FAS, composed of an a and a b subunit, likely produces a unique six-carbon fatty acid which serves as the starter unit for the PKS.
In the 1980s, studies of A. parasiticus and A. flavus employing pathway mutants had established the likely clustering of at least some of the genes in the aflatoxin pathway (for a review see Bennett and Papa, 1988) . This has subsequently been confirmed by molecular genetic studies. The complexity of this cluster is most thoroughly illustrated by the characterization of the A. nidulans sterigmatocystin gene cluster ( Fig. 1 ; Brown et al., 1996b) . A sequencing and mRNA mapping investigation of this 60-kb region revealed 25 coordinately regulated transcripts which accumulate specifically when growth conditions favor sterigmatocystin production. Most of the cluster genes appear to encode enzymes with the necessary functions predicted for aflatoxin and sterigmatocystin biosynthesis. These functions include the PKS and FAS mentioned earlier, five monooxygenases, several reductases, dehydrogenases, a methyltransferase, and an esterase (Brown et al., 1996b) . Site-directed mutations in nine of these genes have unambiguously placed their position in the gene cluster (Brown et al., 1996a; Kelkar et al., 1996 Kelkar et al., , 1997 Keller et al., 1994 Keller et al., , 1995b Yu and Leonard, 1995) . Other genes which have been disrupted include stcI, stcN, stcQ, stcV, and stcW (Kelkar, Adams, and Keller, unpublished) , and their function is currently being determined. Several genes in the A. parasiticus cluster have also been characterized (e.g., Chang et al., 1995; Mahanti et al., 1995; Silva et al., 1996; Skory et al., 1993; Woloshuk et al., 1994) and show functional and structural similarities to homologs in A. nidulans. A comparison of the sterigmatocystin and aflatoxin cluster genes shows that gene order and direction of transcription have not been perfectly conserved ( Fig. 1 ; Brown et al., 1996b; Trail et al., 1995; Yu et al., 1995) .
All three clusters contain a copy of a gene, aflR, encoding a binuclear zinc cluster transcription factor (Chang et al., 1995; Woloshuk et al., 1994; Yu et al., 1996) . Several lines of evidence support the hypothesis that AflR functions as a sequence-specific DNA binding protein that is required for pathway gene expression in both sterigmatocystin and aflatoxin pathways (Chang et al., 1995; Payne et al., 1993; Yu et al., 1996; Fernandes, Keller, and Adams, unpublished) . Sterigmatocystin and aflatoxin pathway gene expression is also pH regulated . Growth medium pH differentially affects penicillin and aflatoxin/sterigmatocystin production such that acidic pH favors mycotoxin production and alkaline pH favors penicillin production (Espeso et al., 1993; Tilburn et al., 1995) . Unlike penicillin, a formal role for pacC regulation of the aflatoxin/sterigmatocystin gene clusters has not been established, although several putative PacC consensus motifs are present in these clusters.
IId. Melanin
Melanin is a high-molecular-weight, dark brown or black pigment produced by numerous fungi. The biosynthesis of some fungal melanins begins with the synthesis of the polyketide intermediate, 1,3,6,8-tetrahydroxynaphthalene, which is converted to 1,8-dihydroxynaphthalene (DHN) after two cycles of dehydration and reduction. DHN may be then oxidized and polymerized to form melanin (Bell and Wheeler, 1986) . Melanin contributes to the survival of fungal propagules (Bell and Wheeler, 1986) and the ability of certain fungal plant pathogens to penetrate host plant cells (Kubo and Furusawa, 1991) .
Genes involved in melanin synthesis are clustered in some fungi and not in others. A melanin pathway gene cluster has been identified in Alternaria alternata that contains at least three pathway biosynthetic genes within a 30-kb region (Kimura and Tsuge, 1993) . Characterization of the 30-kb region by complementation and gene disruption analysis lead to the localization of genes encoding the polyketide synthase, 1,3,6,8-tetrahydroxynaphthalene synthase (Alm 2 ), the scytalone dehydratase (Brm1 2 ), and the 1,3,8-trihydroxynaphthalene reductase (Brm2 2 ). Sequence data have not been reported for the A. alternata genes; however, melanin pathway gene sequences have been reported for the 1,3,6,8-tetrahydroxynaphthalene synthase (PKS1, Takano et al., 1995) , the 1,3,8-trihydroxynaphthalene reductase (THR1, Perpetua et al., 1996) , and the scytalone dehydratase (SCD1; Kubo et al., 1996a) from Colletotrichum lagenarium. In contrast to A. alternata it appears that these genes are not closely linked in C. lagenarium (Kubo et al., 1996b) . Individual cosmids from C. lagenarium containing either the PKS1 or THR or SCD1 genes do not overlap. The 1,3,6,8-tetrahydroxynaphthalene/ 1,3,8-trihydroxynaphthalene reductase gene has also been isolated from Magnaporthe grisea (Vidal-Cros et al., 1994) but classical genetic analysis with melanin mutants indicates none of the pathway genes are closely linked (Chumley and Valent, 1990) . Although pathway genes have not been isolated for Cochliobolus miyabeanus and C. heterostrophus, classical genetic analysis indicates that in both organisms the 1,3,6,8-tetrahydroxynaphthalene synthase and the 1,3,8-trihydroxynaphthalene reductase genes are linked but not the scytalone dehydratase (Kubo et al., 1996b) .
III. GENE CLUSTERS AND THE REGULATION OF PATHWAY GENE EXPRESSION
One possible explanation for the existence of dispensable pathway gene clusters is that the close linkage of pathway genes is somehow involved in the regulation of pathway gene expression. It is clear that gene clustering is not necessary for dispensable metabolic pathway function because there are several examples where some if not all genes for a specific pathway are unlinked (Sections Id and IId). However, the linkage of pathway genes could be imagined to result in chromatin structures that somehow influence pathway gene expression. There are presently no examples of these types of regulatory mechanisms in fungi and scant data available to indicate whether regulation of metabolic pathway gene expression is influenced by the localization of genes within a gene cluster. What little evidence there is suggests that when some cluster genes integrate ectopically they are expressed in a manner similar to that of genes residing within the cluster (e.g., penicillin cluster genes, Brakhage et al., 1994) . In contrast, genes located within the sporulation-specific gene cluster of A. nidulans (SpoCI cluster, Miller et al., 1987) are not regulated appropriately following ectopic integration. However, comparisons between metabolic pathway gene clusters and the SpoCI cluster are difficult to interpret because the function of SpoCI cluster genes has not been determined. If some aspect of cluster chromatin structure is involved in gene regulation then this regulatory mechanism is largely independent of the gene rearrangements observed for some natural product pathways (e.g., trichothecenes pathways).
IV. PATHWAY EVOLUTION
Attempts to explain fungal pathway gene clustering include the proposal that some pathways were acquired from prokaryotes via horizontal gene transfers. This hypothesis would account for the clustering of pathway genes since prokaryotic metabolic pathways are generally clustered. The strongest case for such an event involves the penicillin and cephalosporin pathways because the related pathways can still be found in prokaryotes. Penicillin and cephalosporin pathway genes also contain features characteristic of the corresponding prokarotic pathway genes such as the absence of introns and high GC content (Weigel et al., 1988) . Interestingly, there is evidence that at least a portion of the cephalosporin C pathway of A. chrysogenum evolved in fungi (Mathison et al., 1993) . The cefG gene is located next to the cefEF gene and encodes an acetyltransferase catalyzing the last step in cephalosporin C biosynthesis. As pointed out by Mathison et al. (1993) , CefG appears to have no prokaryotic counterpart in cephalosporin biosynthesis. Further, in contrast to other cephalosporin pathway genes, cefG contains intervening sequences raising the possibility that it evolved as part of a fungal pathway. This observation could be interpreted as further support for the fungal origin of this pathway or evidence that the evolution of this pathway, for reasons not yet understood, requires gene clustering even if portions of the pathway were acquired from prokaryotes. The fact that very few fungal natural product pathways appear to have prokaryotic counterparts argues that pathway gene transfers across these Kingdoms are the exception.
It is important to point out that not all dispensable metabolic pathway genes are clustered. Both the cephalosporin and melanin pathways provide examples of dispensable pathways where the clustering of pathway genes varies between different fungi. One interpretation of these observations is that the loss of pathway gene clustering is due to the breakup of the original gene clusters. Gene cluster dissolution may in turn signal the first step in the eventual loss of the pathway or may simply reflect the lack of selection pressure required to maintain the cluster. Once pathway genes are dispersed they may be more available for recruitment by other dispensable pathways or may act to seed the development of new pathways. Many of the genes in dispensable pathways show significant sequence relatedness to genes with related functions in other metabolic pathways. One possible example of dispensable pathway gene recycling involves the 1,3,8-trihydroxynaphthalene reductase in the melanin pathway and the versicolorin A reductase (stcU, formerly verA, and ver-1) in the sterigmatocystin and aflatoxin pathways (Keller et al., 1994; Perpetua et al., 1996; Skory et al., 1993; Vidal-Cros et al., 1994) . Both enzymes catalyze the dehydroxylation of a polyphenol substrate, and their amino acid sequences share 54% identity. Other examples in natural product pathways include cytochrome P450s, polyketide synthases, and peptide synthetases. There are examples of dispensable pathway metabolic enzymes that appear to be unique , but it is possible that as more metabolic pathways are characterized, their relationships to existing genes will become apparent.
Perhaps the most interesting question raised by fungal dispensable pathway gene clusters is the question of why these clusters occur. What possible advantages are there for the clustering of pathway genes? Certainly it would seem that clustering creates opportunities for pathways to be transferred in a horizontal fashion; this point has previously been emphasized in discussions of fungal penicillin pathway evolution. In fact, heterologous expression of a fungal penicillin pathway has been demonstrated using a cosmid clone from P. chrysogenum carrying the pcbAB, pcbC, and penDE genes (Smith et al., 1992) . Transformation of N. crassa and A. niger, neither of which possesses a penicillin pathway, resulted in the identification of transformants able to produce penicillin V. However, despite this demonstration that dispensable pathways can be transferred between fungi, it remains to be determined if such transfers have occurred.
From an evolutionary standpoint, one advantage of pathway gene clustering is that it could increase the probability that pathway genes are transferred as a unit during sexual reproduction or parasexual recombination. A major difference in these two types of genetic exchange is the presence of meiotic crossing over in sexual recombination, although the relative effects of this process on maintenance of gene clusters has not been assessed. Many fungi that contain dispensable pathway gene clusters appear to lack a sexual cycle, and parasexual processes are thought to play important roles in the genetics of these fungi (Glass and Kuldau, 1992; Leslie, 1993) . Under these conditions the frequency of parasexual events could determine if gene clustering is important for the evolution of dispensable pathways. If gene clusters function to facilitate dispensable pathway evolution then the breakup of gene clusters would be predicted to occur when the conditions driving cluster evolution no longer exist. Evidence that the dissolution of the melanin pathway gene cluster has occurred to different extents in different fungal species (Kubo et al., 1996b ) is now available but the reasons for these changes are unclear.
V. CONCLUSIONS AND FUTURE RESEARCH
It is important to emphasize that dispensable pathways can be distinguished from general metabolic pathways based on the different roles they play in cellular metabolism. Differences between dispensable and general metabolic pathway functions may also reflect fundamentally different mechanisms for pathway regulation and evolution. Currently, it appears that most clustered pathway genes do not differ significantly from other fungal metabolic pathway genes and there is a lack of data to support a regulatory role for gene clustering. Gene clustering may be important for pathway evolution but many questions remain concerning evolution-based explanations for the existence of gene clusters. Future research on gene clusters will continue to focus on the regulation of pathway gene expression and the question of whether this regulation is related to gene clustering. Regulation experiments involving the manipulation of pathway promoters and pathway-specific transcription factors are now possible in several systems. Studies employing these research tools should help to further characterize the effects of the cluster environment on gene regulation. At the same time sequence information continues to accumulate on pathway genes and pathway gene organization for specific dispensable pathways present in different fungi. The application of molecular phylogenetic approaches to these data may answer questions concerning the evolution of individual pathways and the relationships between pathways that exist as clusters in some fungi but not in others. Finally, questions of whether reproduction strategies or ecological niches affect gene clustering should be explored to fully understand the phenomenon of fungal gene clusters.
